A series of five dc superconducting quantum interference devices ͑SQUIDs͒ have been operated as microstrip amplifiers at frequencies ranging from 2.2 to 7.4 GHz. In these devices, the signal is connected between the SQUID washer and coil, which acts as a microstrip resonator. The gain measured at 4.2 K ranged from 12Ϯ1 to 6Ϯ1 dB. The noise temperature of three devices at 4.2 K in the frequency range 2.2-4 GHz was between 1 and 2 K, and the saturation temperature was between 150 and 250 K. Applications of these devices include readout for axion detectors, and intermediate-frequency amplifiers for superconductor-insulator-superconductor and hot-electron bolometer mixers. © 2003 American Institute of Physics. ͓DOI: 10.1063/1.1572970͔
The dc superconducting quantum interference device ͑SQUID͒, operated in a flux-locked loop, has been exploited extensively as a sensitive amplifier at frequencies from the millihertz range to the low megahertz range. 1 The devices used are almost invariably a square washer SQUID supporting a superconducting, spiral coil to which the input signal is applied.
2 To achieve higher frequency amplification, the SQUID is operated open-loop at a bias current I and with a flux bias ⌽ near (2mϩ1)⌽ 0 /4 to maximize the flux-tovoltage transfer function V ⌽ ϵ(‫ץ‬V/‫ץ‬⌽) I ; here mϭ0,Ϯ1, Ϯ2,...,⌽ 0 ϵh/2e is the flux quantum and V is the voltage across the SQUID. For example, 3 a gain G of 18.6Ϯ0.5 dB and a noise temperature T N of 1.7Ϯ0.5 K have been achieved at 93 MHz with a bath temperature of 4.2 K. These results are in good agreement with theoretical predictions. One application of such amplifiers is to detect nuclear magnetic resonance and nuclear quadrupole resonance. 4 There are a number of applications, however, that require high gain at substantially higher frequencies: these include an intermediate frequency amplifier 5 to follow a superconductorinsulator-superconductor ͑SIS͒ mixer 6 or a hot-electron bolometer ͑HEB͒ mixer; 7 a postamplifier for the radiofrequency single-electron transistor; 8 and a readout amplifier for the axion detector. 9 At frequencies above 100-200 MHz, however, parasitic capacitance between the washer and input coil drastically reduces the gain when the signal is connected to the two ends of the coil. This difficulty is overcome by operating the coil and washer as a microstrip resonator 10 ͑Fig. 1͒. The input signal is applied between one end of the coil and the washer, which serves as a groundplane; the other end of the coil is left open. Provided the source resistance R i is greater than the effective characteristic impedance of the microstrip, the resonant frequency f 0 occurs when the length of the coil ᐉ is equal to a half-wavelength. 11 The microstrip SQUID amplifier has been used to achieve substantial levels of gain in the high megahertz region, for example 12 18 dB at 700 MHz. Furthermore, the noise temperature can be extremely low: in one device cooled to 20 mK, the noise temperature at 520 MHz was about 50 mK, within a factor of 2 of the quantum limit. 13 In these experiments, the hole in the square washer was 200ϫ200 m 2 , corresponding to an estimated SQUID inductance 2 L ͑including parasitic inductance͒ of approximately 350 pH.
In this letter, we report measurements on a microstrip amplifier at frequencies that extend well into the gigahertz range. By redesigning the device appropriately, we have been able to achieve useful levels of gain and low noise temperatures at frequencies of several gigahertz.
Although there is not yet a detailed model for the gain of the microstrip SQUID amplifier in terms of its various parameters, we can motivate our new design by means of scaling arguments. We expect G to scale as M i 2 V ⌽ 2 , where M i ϭnL is the mutual inductance between the n-turn coil and the SQUID washer 2 and V ⌽ ϷR/L. 14 Assuming that one preserves the optimization conditions 14 . Finally, f 0 should scale approximately as 1/ᐉ. From these scaling relations, we can see that while reducing the SQUID inductance by reducing the size of the hole in the washer reduces T N , it also reduces G. Fortunately, the reduction in the size of the hole enables one simultaneously to increase n, and hence, the gain, while reducing ᐉ, and hence, increasing the resonant frequency. Our designs are thus a compromise between increasing the resonant frequency substantially, compared with our previous design, while not sacrificing too much gain.
In our design, the SQUID washer has inner and outer dimensions of 10ϫ200 m 2 and 500ϫ500 m 2 , an estimated Lϭ70 pH, and typical values I 0 ϭ10-15 A and Rϭ10-14 ⍀. Measured values of V ⌽ are typically 200 GHz. For some devices, the linewidth w was increased from the original 5 m to 10 or 20 m. The SQUIDs were fabricated with Nb-AᐉOx -Nb tunnel junctions and Pd resistors using conventional photolithographic techniques. The performance of five amplifiers-with parameters listed in Table I -was measured at 4.2 K using current and flux biases I B and I ⌽ ͓Fig. 1͑a͔͒ supplied by batteries that could be floated relative to the system ground; the flux was produced by a copper coil. A cold 30 dB attenuator prevented noise from the roomtemperature signal generator from saturating the SQUID, and presented a 50 ⍀ impedance to both the input coaxial line and the microstrip. For the same reasons, a cold 2 dB attenuator coupled the SQUID output to a low-noise amplifier at room temperature via a coaxial line. The gain of the entire system excluding the SQUID was calibrated by connecting together the input and output attenuators, and the SQUID gain measurements were referred to the base line so obtained. In all measurements, the counter electrode of the SQUID was grounded and the washer was at the potential of the output signal.
12 Figure 2 shows the measured gains versus frequency; the peak values and corresponding frequencies are listed in Table I . The gain at 2.2 GHz was 12Ϯ1 dB; as the frequency is increased the gain progressively decreases, to 6Ϯ1 dB at 7.4 GHz.
We also measured the noise temperature T N of the three amplifiers with the highest gains, using a calibrated semiconductor noise source, at room temperature, with an effective noise temperature of 7300 K. With the aid of a cold attenuator, we reduced this noise to 10 K at the input of the microstrip SQUID amplifier. By switching the noise source on and off we alternated the noise power supplied to the SQUID between 4.2 and 10 K. The SQUID output was coupled to a cold high electron mobility transistor ͑HEMT͒ amplifier with a gain of 30 dB and a measured noise temperature of 15 K; the 2 dB attenuator was no longer necessary and was omitted. By measuring the output noise from the system with the noise source on and off and subtracting the noise contribution of the HEMT amplifier we determined the values of T N listed in Table I . Although the errors are relatively large, the noise temperatures hover between 1 and 2 K. Prokopenko et al. 15 have measured a comparable noise temperature at 3.9 GHz for a SQUID amplifier of a different design.
In a further set of measurements, we determined the saturation temperature T (s) of the microstrip amplifiers. The value of T (s) is defined as the temperature of a resistor, coupled to the input and used as a source of white noise, required to saturate an amplifier; T (s) scales inversely with the amplifier bandwidth. To determine T (s) , we coupled a monochromatic signal to the input of the amplifiers and found the power required to reduce the small-signal gain by 1 dB. We then calculated the temperature T (s) at which a 50 ⍀ resistor produces Nyquist noise with the same power in the bandwidth of the amplifier. 15 Our estimated values of T (s) were in the range of 150-250 K.
In conclusion, we have shown that one can achieve gains of 10-20 dB and noise temperatures of 1-2 K for microstrip SQUID amplifiers operated at 4.2 K in the frequency range 2-4 GHz. These noise temperatures are comparable to those of state-of-the-art, cooled HEMT amplifiers at similar frequencies. However, since T N for typical SQUID amplifiers in the classical limit scales with the bath temperature 13 down to about 0.1 K, one may expect a substantial reduction in T N as the temperature is lowered from 4.2 K-indeed, one would expect the performance to become limited by quantum noise at bath temperatures well above 0.1 K. The microstrip SQUID amplifier is likely to be suitable for the axion detector at frequencies up to ͑say͒ 4 GHz, and, particularly in view of its saturation temperature of 150 K or higher, is a viable candidate for an intermediate-frequency amplifier following a SIS or HEB mixer. 13, 11, 7, 4 , and 3-turn input coils. The input coil lengths are shown above the gain curves. Measurements were performed at T ϭ4.2 K.
